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 Abstract  Changes in the radioactivity of  131 I,  134 Cs, and  137 Cs in milk produced by 
cows given pasture that was contaminated with these radioactive nuclides caused by 
the Fukushima Daiichi nuclear power plant accident on 11 March 2011, were exam-
ined between 16 May and 26 June 2011. Pasture (Italian ryegrass) was seeded on 
September 2010, and cultivated in the Animal Resource Science Center of the 
University of Tokyo (about 140 km south-west of the power plant). Pasture was 
harvested 2 months after the accident and prepared for fermented grass forage (hay-
lage). The cows examined were born and kept in the Animal Resource Science 
Center and were given commercial mixed feed (total mixed ration forage: TMR) 
that contained no radioactive  131 I,  134 Cs, or  137 Cs, for 2 weeks before being examined. 
They were given haylage and TMR (10 and 25 kg/600 kg of body weight/day, 
respectively) for 2 weeks, and then were given only TMR (35 kg/600 kg of body 
weight/day) for 2 weeks. During the examination, milk was collected twice a day 
and mixed in each cow. The weight and radioactivity of  131 I,  134 Cs, and  137 Cs of the 
mixed milk in each cow were measured daily. No radioactive  131 I was detected in 
either the milk or haylage. The radioactivity of  134 Cs and  137 Cs contained in the 
mixed feed of haylage and TMR was 380 Bq/kg (radiocesium radioactivity was 
represented as total concentrations of  134 Cs and  137 Cs). Radiocesium radioactivity 
concentrations in the milk rapidly increased to 30 Bq/kg after 4 days from the start 
of feeding and equilibrated to 36 Bq/kg after 12 days. After that, cows were given 
TMR containing no radiocesium, and radioactivity concentrations of radiocesium in the 
milk rapidly decreased. Two weeks after stopping radiocesium feeding, radioactivity 
concentrations were less than 5 Bq/kg (background level). In summary, when the 
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cow (approximately 600 kg of body weight) was given feed with radioactive  134 Cs 
and  137 Cs (12,600 Bq/600 kg body weight/day), 5.71% of  134 Cs and  137 Cs was 
secreted into the milk (720 Bq/20 kg milk/day). Radioactivity concentrations of 
radiocesium in the milk were lower than new standard (50 Bq/kg) of Japan. 
 Keywords  Cow milk •  Fukushima Daiichi nuclear power plant accident •  Pasture 
•  Radiocaesium 
9.1  Introduction 
 On 11 March 2011, the declaration of a nuclear emergency situation was issued by 
the Japanese Prime Minister because of the Fukushima Daiichi nuclear power plant 
accident that resulted from the East Japan earthquake. On 17 March 2011, the 
Japanese Ministry of Health, Labour, and Welfare established a provisional regula-
tion level for cow milk that was less than 70 Bq/kg radioactive iodine and 200 Bq/kg 
radiocesium ( 134 Cs and  137 Cs). On 1 April 2012, a more stringent new standard for 
milk of 50 Bq/kg radiocesium was established. However, under livestock feeding 
management conditions in Japan, it has not been fully understood (1) how much 
radioactive nuclides transfer from the haylage to the milk, when dairy cows are given 
grass haylage prepared from pasture grown under nuclear power plant accident con-
ditions, or (2) after that, whether radioactive nuclides rapidly disappear from the 
milk or not in cows are given forages without radioactive nuclides. In order to pro-
pose appropriate risk management related to the production of cow milk, which is an 
excellent food for infants and children who are considered to have high sensitivity to 
radiation, we performed the present study at the Animal Resource Science Center of 
The University of Tokyo (Kasama, Japan), which is located about 140 km south-west 
in a straight-line from the Fukushima Daiichi nuclear power plant. 
9.2  Experimental Procedure 
 (a)  Preparation of cow feed containing radioactive nuclides caused by the accident 
in the Fukushima Daiichi nuclear power plant: grass (Italian ryegrass,  Lolium 
multifl orum Lam.) was seeded in October 2010, and cultivated in a fi eld at the 
Animal Resource Science Center. After mowing between 10 and 15 May 2012 
(2 months after the accident), raw grass ( 131 I: not detectable level and  134 Cs and 
 
137
 Cs: 54 and 59 Bq/kg, respectively) was dried for several days, and then 
packed in plastic fi lm to prepare anaerobically fermented grass forage (hay-
lage). Haylage contained radioactive nuclides ( 131 I: not detectable level.  134 Cs 
and  137 Cs: 600 and 660 Bq/kg, respectively). 
 (b)  Cow feed without radioactive nuclides caused by the nuclear power plant acci-
dent: commercial mixed feed (total mixed ration: TMR), which was purchased 
from Zen-Noh Feed (Tokyo, Japan), containing no detectable  131 I,  134 Cs, or  37 Cs 
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was used. TMR contains the required levels of nutrients (energy, protein, 
minerals, and vitamins) needed by the cow. The raw materials of TMR were as 
follows: 45% maize, 29% mixture of wheat bran and rice bran, 21% mixture of 
soybean oil cake and rapeseed oil cake, and 5% additives (minerals and vita-
mins). Feed ingredients of TMR were as follows: 16% crude protein, 2.5% crude 
fat, 10% crude fi bers, 10% crude ash, 0.8% calcium, and 0.5% phosphorus. 
 (c)  Lactating dairy cows: lactating dairy cows born and kept in the Animal Resource 
Science Center were used. According to a notice by the Government of Japan 
(MAFF  2011 ), cows were raised in a closed cow barn after 20 April 2012, and 
were given TMR. 
 (d)  Study design: cows were given TMR (35 kg/600 kg body weight/day) for 
2 weeks before the examination (between 16 and 29 May 2011), then they were 
divided into two groups (control and test groups). In the control group, three 
cows (636 ± 34 kg body weight) were given TMR for 4 weeks. In the test group, 
three cows (593 ± 23 kg body weight) were given a mixture of haylage and 
TMR (10 and 25 kg/600 kg of body weight/ day, respectively) for 2 weeks 
(between 30 May and 12 June 2011), and then were given only TMR for 
2 weeks (between 13 and 26 June 2011). During the examination (from 30 May 
to 26 June 2011), cow milk was collected, weighed twice a day, and mixed in 
each cow. The radioactivity of  131 I,  134 Cs, and  137 Cs of the mixed milk in each 
cow was measured daily. The body weight of each cow was measured on the 
16 and 30 May, and 13 and 27 June 2011. During the study period, cows were 
allowed to freely drink water through automatic water supply equipment. 
Drinking water had no detectable radioactivity from  131 I,  134 Cs, or  137 Cs. 
 (e)  Test items: during the experiment, a veterinarian diagnosed the health status of 
cows. On the 16 and 30 May, and 13 and 27 June 2011, blood and urine bio-
chemical tests and haematological analyses using automatic analyzers were 
carried. Radioactive element concentrations in each milk sample were mea-
sured by a germanium semiconductor detector, and each nuclide was identifi ed 
by gamma-ray spectrometry.  134 Cs and  137 Cs were quantifi ed at 661.6 and 
604.7 keV, respectively, and then each Bq value was calculated by the calibra-
tion of count value. Each radionuclide concentration was calculated based on 
the weight of each sample. The detection limit was set to three times the stan-
dard deviation of the background. 
9.3  Results 
 (a)  Body weight, feed intake, and milk yield: throughout the study period, there 
were no signifi cant differences in body weight, feed intake, or milk yield 
(Fig.  9.1 ) between the two experimental groups.
  (b)  Health status: during the experiment, no remarkable symptoms were found in any 
cows from the two experimental groups. There were no signifi cant differences in 




blood biochemical parameters, urine biochemical parameters, or haematological 
parameters between these two groups (data not shown). The cows used were healthy. 
 (c)  Changes in the concentrations of radiocesium in milk: as described above, cows 
in the test group were given 35 kg/600 kg body weight/day of the mixture of 
haylage (not detectable level of  131 I, and 1,260 Bq/kg of radiocesium,  134 Cs and 
 
137
 Cs) for 2 weeks, and then were given only 35 kg/600 kg body weight/day of 
TMR for 2 weeks. As shown in Fig.  9.2 , radioactivity concentrations of radio-
cesium in the milk rapidly increased to 30 Bq/kg after 4 days from the start of 
feeding, and equilibrated to 36 Bq/kg after 12 days. After stopping the feeding 
of forage with radiocesium, the concentration of radiocesium in the milk 
 Fig. 9.1  Changes in milk yield (kg/cow/day). Milk yield was defi ned as the amount of twice 
morning and evening milking. Each point represents the mean ± standard deviation 
 Fig. 9.2  Changes in concentrations of radiocesium in milk (Bq/kg). Each point represents the 
mean ± standard deviation 
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rapidly decreased at a rate of 2.05 Bq/kg/day. Two weeks after stopping the 
feeding of forage, radioactivity concentrations of radiocesium were less than 
5 Bq/kg, similar to background levels.
9.4  Discussion 
 The present fi ndings showed that when cows (approximately 600 kg of body 
weight) were given feed with radiocesium (12,600 Bq/600 kg body weight/day 
of  134 Cs and  137 Cs), 5.71% of  134 Cs and  137 Cs was secreted into the milk 
(720 Bq/20 kg milk/day) after 10–14 days from the start of feeding. These radio-
activity concentrations of radiocesium in the milk were lower than Japanese 
Government new standards (50 Bq/kg for radiocesium). After that, cows were 
given feed containing no radiocesium, and radioactivity concentrations of radio-
cesium in the milk rapidly decreased. Two weeks after stopping the feeding of 
forage with radiocesium, radioactivity concentrations decreased to background 
levels of less than 5 Bq/kg. 
 The transfer coeffi cient (Fm) for radiocesium transfer from cow feed to milk 
was calculated according to the following formula: Fm (day/L) = radiocesium 
concentration in milk (Bq/L)/the amount of radiocesium intake in each cow 
(Bq/cow/day) (Sam et al.  1980 ; Johnson et al.  1988 ; Belli et al.  1993 ; Green and 
Woodman  2003 ;  Robertson et al.  2003 ). In the present study, the radiocesium 
Fm value was 0.0029 (day/L) (36 Bq/L/12,600 Bq/cow/day) at the highest point 
of radiocesium concentrations in the milk. When cows were given haylage that 
was contaminated with radiocesium for 1 month after the Chernobyl nuclear 
power plant accident, the radiocesium Fm value in the milk was approximately 
0.005 day/L (Voigt et al.  1989 ; Vreman et al.  1989 ; Green et al.  1994 ; Fabbri 
et al.  1994 ; Gastberger et al.  2001 ; Howard et al.  2001 ; Beresford et al. 
 2000 ). In Japan, when dairy cows were raised under Japanese-style manage-
ment and given contaminated haylage caused by the Fukushima Daiichi nuclear 
power plant accident, radiocesium Fm values were between 0.0027 and 0.0064 
day/L (Beresford and Howard  2011 , MAFF  2011 ; Manabe et al.  2011 ;  Manabe 
 2012 ; Takahashi et al.  2012 ). Compiled results by the International Atomic 
Energy Agency (IAEA) showed radiocesium Fm values of approximately 0.005 
day/L (IAEA  2005 ,  2009 ,  2010 ). In our preliminary experiment, when cows 
were given radiocesium contaminated haylage caused by the Fukushima Daiichi 
nuclear power plant accident for 5 days, the Fm value was 0.00096 day/L 
(Hashimoto et al.  2011 ). Thus, Fm values obtained in this study were lower that 
those of the Chernobyl experiment and IAEA report. 
 The two routes of radionuclide contamination of farm animals after the 
Fukushima Daiichi nuclear power plant accident were inhalation and ingestion of 
contaminated feed and water. Beresford and Howard ( 2011 ) reported that inhalation 
and water intake by animals were the most important routes in the early phase of the 
nuclear power plant accident. However, in the Animal Resource Science Center 
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(140 km south-west from the Fukushima Daiichi nuclear power plant), the concen-
tration of radionuclide contamination in the air was not at a detectable level 2 months 
after the accident. No radionuclide contamination in drinking water was detected. 
Intake  via water is a small contributor. Hence, it is considered that the most impor-
tant pathway to cows is the ingestion of radionuclide contaminated fodder in the 
present experiment. 
 The degree of absorption from the gastrointestinal tract is an important factor in 
determining radiocesium levels in animal tissues and milk. In the case of radioce-
sium, the source ingested is a major factor determining subsequent concentrations 
in tissues with the true absorption coeffi cient ranging from 0.10 to 0.80 (Howard 
et al.  2001 ). They showed that absorption levels of the radiocesium particle and soil 
binding radiocesium were lower than that of radiocesium incorporated within 
plants. In the present study, grass was grown for about 2 months after the Fukushima 
Daiichi nuclear power plant accident, harvested, and prepared for haylage. It has 
been suggested that the fermented grass forage used in the present study may have 
contained the radiocesium particle, which was fallout from the accident, soil bind-
ing radiocesium, and radiocesium incorporated within plants. 
 Once the cow has been removed from radiocesium contaminated forage, radioce-
sium concentrations in the milk rapidly decrease. The rate of loss of radioactive 
nuclides from milk is termed the biological half-life, which is defi ned as the time 
required for the radionuclide activity concentration in milk to be reduced by one half 
excluding physical decay. The rates of uptake and loss of radionuclides vary between 
animals and tissues. The biological half-life for radiocesium is associated with the 
metabolic turnover rate of caesium. Changes in radiocesium levels in milk after the 
Chernobyl nuclear power plant accident have been summarized by IAEA ( 2005 ). 
The rate of decline in radionuclide activity concentrations in milk of different species 
of dairy ruminants is rapid. The half-lives of radiocesium in milk are all in the range 
0.5–3.5 days, values that are similar to our present result (approximately 2.0 days). 
The biological half-life of radiocesium in animals is an important factor infl uencing 
the effectiveness and practicalities of many countermeasures targeting animal derived 
foodstuffs, including decontamination using “Clean feeding” or Cs binders. 
 In the present study, we did not reveal changes in radioactive strontium ( 90 Sr), which 
accumulates in bones and plays a role as a carcinogenic factor, in milk. Further research 
on transfer kinetics and the coeffi cient of  90 Sr from forage contaminated by fallout from 
the Fukushima Daiichi nuclear power plant accident to the milk of cows is required. 
Moreover, the present fi ndings involved the initial phase of the accident; therefore to 
remediate livestock management for radiocesium contamination under an “existing 
exposure situation” according to the ICRP ( 2009 ), further research is needed as follows: 
(1) improvements in pasture: to reduce radiocesium contamination in grassland, feasible 
and suitable surface improvements in grassland and radical improvements in meadow 
methods for Japanese farming practices have to be developed, (2) reductions in radioce-
sium intake: to prevent gut absorption by the application of radiocesium binding agents 
to animals, feasible and suitable agents have to be explored. The effectiveness and fea-
sibility of candidate binding compounds, clay minerals, which adsorb caesium ions, 
such as bentonites, vermiculites, zeolites, added to fodder to reduce gut uptake of 
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radiocesium by farm animals have been evaluated. The effectiveness and feasibility of 
the addition of hexacyanoferrate to feedstuffs have been also evaluated. The hexacya-
noferrate compound, Prussian blue, is a radiocesium binder, which is added to the feed 
of farm animals to reduce radiocesium transfer to milk and other animal products by 
reducing absorption in the gut (IAEA  1997 ). Ammonium-hexacyanoferrate (AFCF), 
the commonly used form for remediation, was used extensively after the Chernobyl 
accident in Russia, Ukraine, and Belarus as well as in Western European countries, 
including Norway and Sweden, and was shown to be the most effective for animal use 
(Pearce  1994 ; Nisbet et al.  2010 ). Moreover, the acceptability of these strategies for 
Japanese farmers also needs to be investigated, and (3) Collateral safety of animal prod-
ucts: to produce milk without disrupting normal farming practices, “Clean feeding” 
management has been considered feasible and suitable. Farm animals are provided 
uncontaminated feed or forage with acceptable levels of radiocesium. To prevent radio-
cesium contamination of animal products by ensuring that feedstuffs that are too highly 
contaminated are not ingested by farm animals, a registration system to identify indi-
vidual farm animals has to be developed. 
9.5  Conclusion 
 Radiocesium contamination of animal products is an important potential route of 
internal exposure in the human food-chain after the Fukushima Daiichi nuclear 
power plant accident. Most farm animals are kept in closed barns in Japan. Housing 
farm animals reduced initial radioactive nuclide contamination of animal products 
in the early phase of the Fukushima Daiichi nuclear power plant accident. Moreover, 
in Japan, pigs and chickens were given imported feed that contained no radioactive 
nuclide contamination caused by the accident, a livestock management system 
called “Clean feeding”. However, adequate amounts of grass feed, at least 30%, are 
essential for rearing cattle, and uncontaminated feed and/or forage containing 
acceptable amounts of radiocesium are needed. In conclusion, the present fi ndings 
revealed that when cows received radiocesium contamination of less than 300 Bq/
kg, they produced milk contaminated with less than 50 Bq/kg radiocesium. 
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